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Abstract 



t leptons emitted in cascade decays of supersymmetric particles are polarized. The polarization may 
be exploited to determine spin and mixing properties of the neutralinos and stau particles involved. 



1.) A rich source of information on supersymmetric particles and the structure of the underlying theory 
can eventually be provided at LHC [1,2] by cascade decays. After squarks and gluinos are copiously 
produced in high energy proton-proton collisions [3], they cascade down, generally in several steps, 
to the lightest supersymmetric particle, thereby generating intermediate non-colored supersymmetric 
states like charginos/neutralinos and sleptons [4] which are difficult to produce otherwise at a hadron 
collider. 

Much attention has been paid in the recent past to the SPSla cascade [5] 

q - QX2 - qd - (1) 

which gives rise to a well-populated ensemble of neutralinos and i?-type sleptons with ratios of 30%, 10% 
and 100% in the first, second and third branching, respectively. Analyzing the visible q££ final state in 
various combinations of leptons and quark jet, the cascade has served to study the precision with which 
the masses of supersymmetric particles can be measured at LHC, for a summary see Ref. [6]. In addition, 
invariant mass distributions have been shown sensitive to the spin of the particles involved [7-10], 
shedding light on the very nature of the new particles observed in the cascade and on the underlying 
physics scenario. 

So far, cascades have primarily been studied involving first and second generation leptons /sleptons. 
In this brief note we will explore how the polarization of r leptons can be exploited to study R/L 
chirality and mixing effects in both the f and the neutralino sectors!*] As expected, it turns out that 
measuring the correlation of the r polarizations provides an excellent instrument to analyze these effects. 

As polarization analyzer we will use single pion decays of the r's. At high energies the mass of the 
r leptons can be neglected and the fragmentation functions are linear in the fraction z of the energy 
transferred from the polarized r's to the 7r's [12]: 

(tr) ± - ( iv tt* : F R = 2z (2) 
( TL )± ^ y ^ . Fl = 2(1 - z) (3) 

In the relativistic limit, helicity and chirality are of equal and opposite sign for r~ leptons and r + 
anti-leptons, respectively. For notational convenience we characterize the r states by chirality. 

This note should serve only as an exploratory theoretical study. Experimental simulations will 
include other r decay final states in addition to pions, e.g. p's and ai's. The />meson mode is expected 
to contribute to the r-spin correlation measurement even if the tt^ and ir° energies are not measured 
separately. In this case the r polarization analysis power of the p channel is k p = (m^ — 2m 2 ) / (m 2 . + 

*For a discussion of polarization effects in single r decays see Ref. [11]. 
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2m^) ~ 1/2 in contrast to k w = 1, but its larger branching fraction of B p ~ 0.25, versus B n ~ 0.11, 
more than compensates for the reduced analysis power. Moreover, in actual experiments it should 
be possible to measure the 7r ± energy and the 7 energies of the 7r°'s, all emitted along the parent 
r-momentum direction at high energies. Significant improvement of the r analysis power is therefore 
expected from the p and ai modes by determining the momentum fraction of -k^ in the collinear limit 
of their decays [12]. For each mode, cuts and efficiencies for r identification must be included to arrive 
finally at realistic error estimates. The large size of the polarization effects predicted on the theoretical 
basis, and exemplified quantitatively by the pion channel, should guarantee their survival in realistic 
experimental environments, and we expect that they can be exploited experimentally in practice. 




Figure 1: (a) The general structure of the quantum numbers of the particles involved in the cascade 
(CP; (b) the angular configuration of the particles in the squark/^/f\ rest frames; and (c) the spectrum 
of the double t qt y — > tttt fragmentation functions Fp^ (j3, 7 = R, L) with z = rn^ rK /rn^ T . 
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2.) The distribution of the visible final state particles in the squark cascade can be cast, for massless 
quark q and no squark q mixing, in the general form [8]: 

1 dT pa '' jk 1 

" 7rB(q a - fox?) B(x9 - r^ffc) B(f k - r 7 x?) [1 + (pa) (a/3) cos T J (4) 



d cos # rn d cos 6 Tf d(j) Tf 8tt 



with j = 2 and fe = 1 for the squark chain of Eq. ([I]). The structure of the quantum numbers in the 
cascade is depicted in Fig.QJa) while the configuration of the particles in the squark/xjj/fi rest frames 
is shown in Fig.[]7b). For clarity the definitions are summarized in the following table: 



p = ± : particle/anti-particle a = ± 

a = ± : t and n charge (3 = ± 

j = 2, 3, 4 : neutralino mass index 7 = ± 

k = 1, 2 : f mass index 



g and q R/L chirality 
near r n ii/L chirality 
far Tf R/L chirality 



Near (n) and far (/) indices denote r and 7r particles emitted in Xj an d decays, respectively. 

The quark/squark/neutralino q a q a X°j an d the tau/stau/neutralino r^f^x® vertices are given by the 
proper current couplings and the neutralino and stau mixing matrix elements, 

{XjWalfa) = igAlaj and (xj\fk\Tp) = ^ Ap kj [7 correspondingly] (6) 
with the explicit form of the couplings A q aa - and A T Rk -/A T Lk - 

Al Lj = -V2[TiN* 2 + (e q - T$)N* liw ] (7) 

A RRj = +V2e q N jX t w (8) 

A T Lkj = -h T N* 3 U fk2 + -L(iV; 2 + N*]tw)U? kl (9) 

= ~hrN j3 Uf kl - V2N 3l t w U fk2 (10) 

in terms of the 4x4 neutralino mixing matrix N in the standard gaugino/higgsino basis [13] and the 
2x2 stau mixing matrix U? in the L/R basis [14]. Here, X3 = ±1/2 and e g = 2/3, —1/3 are the SU(2) 
doublet quark isospin and electric charge, t\y = tan 9\y and h T = m T / ^/2m\v cos /3. The distribution (j3J) 
depends only on the "near r" angle 6 Tn ; this is a consequence of the scalar character of the intermediate 
stau state that erases all angular correlations. 

The angles in the cascade Fig.QJb) are related to the invariant masses [9], 

m lr = 2 ( X ~ cos T f ) maxM 2 TT = m|o(l - m? fc /m|o)(l - ml J m\) (11) 

m qr n = 2 ( : ~ cos6 ^J max Af g 2 Tn = m| a (l - m|o/mfj(l - m| fc /m|o) (12) 



= 4^ + ~ ~ r ~Y s nSf cos (j) T} maxM 2 qTj = m| a (l - m|o/mfj(l - m^o/m^] 



2 

±^(l-c n )(l + C/ ) 
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where rjk = mf t /m-o and abbreviations c n = cos6> T „, Cf = cos6 Tf etc are introduced. It proves useful to 
define the invariant masses, m% T , m 2 and m 2 , in units of their maximum values, max M 2 T , max Ml 



and max ; the invariant masses m\ v etc are scaled analogously. 



Pion distributions, summed over near and far particles, are predicted by folding the original single 
r and double rr distributions, dTp/drni T and dTp^/dm* T , with the single and double fragmentation 
functions Fp and Fp~, where the indices /?,7 denote the chirality indices R/L of the r leptons. Based 
on standard techniques, the following relations can easily be derived for [qir] and [tttt] distributions: 



dT 

dm\^ 



dm? qT dT( 



m 



dm\ T 



Fa 



m 



m 



(14) 



dT 

dm 2 



dml 



m- 



m% 



(15) 



The single and double distributions dYpjdm 2 qT and dT ^ 7 / 'dm^ T , can be derived from Eq. @ by inte 
gration. The single rg 
summarized as 



7r fragmentation function, cf. Eqs. ([2]) and (J3j) with z = m;L/m;L, can be 



Fp{z) = l + /?(2z-l) 
while the double trt^ — > tttt fragmentation functions, with z = m^ n /m^. r , are given by 



4 z log - 

z 



Frr(z) 
F rl {z) = F LR (z 



z log - 

z 



Fll(z) 
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(1 + z) log - + 2z - 2 



(16) 

(17) 
(18) 
(19) 



The shape of the distributions F^{z) ((3, 7 = R,L) is presented in Fig.njc). All distributions, normalized 
to unity, are finite except Fll which is logarithmically divergent for z — > 0. 

The great potential of polarization measurements for determining spin and mixing phenomena is 
demonstrated in Figs.[2]^a/b), displaying the invariant mass distribution of (a) rr and (b) tttt pairings 
in the X2 decays of the cascade ([1]). While the lepton-lepton invariant mass does not depend on the 
chirality indices of the near and far tau leptons r n and Tf, the shape of the pion distribution depends 
strongly on the indices, as expected. This is also reflected in the expectation values of the invariant 
masses: 



4/18 
2/18 
1/18 



and (ttItttt) 



288/675 
192/675 
128/675 



for RR 
for RL/LR 
for LL 



(20) 
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(a) [xx] distribution!! 
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(b) [tztz] distribution 
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Figure 2: The "normalized" invariant mass distributions of (a) tt and (b) tttt pairings in the x\ decays 
of the cascade (OP. The indices denote the chiralities of the near and far tau leptons. 



which are distinctly different for the pion final states. Due to the scalar stau intermediate state, the tt 
and 7T7T distributions do not depend on the polarization state of the parent x\ state [contrary to the qr 
and qir distributions in the chain]. 

Cutting out small transverse pion momenta in actual experiments will modify the distributions of 
the 7T7T invariant mass, and the distributions are shifted to larger m nn values. For R chiralities of the 
r's, with hard r — > tt fragmentation, the shift is smaller than for L chiralities with soft fragmentation. 
[This will be analyzed quantitatively in the next section for the specific reference point SPSla.] 

3.) The sensitivity of various distributions [tt], [(/t + ], [qr~] and [tvtt], [qir + ], [q^~] in the cascade ([TJ 
starting with a left-handed squark q~L is studied in the tableau of Fig.[3j The distributions are compared 
for the SUSY chain in SPSla, in which the probability for tr in f\ is close to 90%, with a spin chain 
(UED') characteristic for universal extra-dimension models [15,16]: 

Ql qZ x qilx qltli (21) 

To focus on the spin aspects^ the same mass spectrum is chosen in the UED' as in the SUSY chain: 
mg L = m qi = 570.6 GeV, m^o = mz 1 = 176.4 GeV, = m n = 134.1 GeV and rn^o = m 7l = 98.6 

'For this purpose we deliberately ignore the naturally expected mass pattern in models of universal extra dimensions. 
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Figure 3: The "normalized" distributions in super symmetry and UELf for the particle spectrum corre- 
sponding to the SUSY scenario SPSla; the distributions [tt], [qr + ] and [qr~] in the upper frames and 
the distributions [nir], [qvt + ] and [qir~] in the lower frames. 

GeV. The [tt] distribution is linear ~ m TT in supersymmetry. It deviates slightly from the linear 
dependence in the tt invariant mass in UED' where in the limit of degenerate KK masses the distribution 
reads ~ m TT [l — |m^ T ]. The kinks in the invariant mass distributions [qr] and [qir] signal the transition 
from near to far t's and 7r's as the main components of the events. Again, the best discriminant is the 
[tttt] distribution. This reflects the i2-dominated character of f as opposed to the L current coupled to 
the Kaluza-Klein state Z 1 ~ W 3 [16]. 

Experimental analyses of t particles are a difficult task at LHC. Isolation criteria of hadron and lepton 
tracks must be met which reduce the efficiencies strongly for small transverse momenta^ Stringent 
transverse momentum cuts increase the efficiencies but reduce the primary event number and erase 
the difference between R and L distributions. On the other hand, fairly small transverse momentum 
cuts reduce the efficiencies but do not reduce the primary event number and the R/L sensitivity of the 

*We are very grateful for comments on these problems by K. Desch, D. Mangeol and J. Mnich. 
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distributions. Optimization procedures in this context are far beyond the scope of this theoretical note. 
Experimental details may be studied in the recent reports [2, 17] in which the analysis of di-r final states 
is presented for supersymmetry cascades of type (1) at LHC. 

In Fig.^a) it is shown how a cut of 15 GeV on the pion transverse momenta modifies the SUSY 
and UED' distributions of the tttt invariant mass. Given the specific SPSla mass differences, the SUSY 
L/?-dominated distribution is mildly affected while the UED' LL-dominated distribution is shifted more 
strongly. [The different size of the shifts can be traced back to the different shapes of the R and L 
fragmentation functions. Since L fragmentation is soft, more events with low transverse momentum are 
removed by the cut and the shift is correspondingly larger than for hard R fragmentation.] Apparently 
the transverse momentum cut does not erase the distinctive difference between the LR and LL distri- 
butions. 




Figure 4: (a) The SUSY and XJEPl distributions of the tttt invariant mass with a cut of 15 GeV on 
the pion transverse momenta; and (b) the dependence of the expectation value (m T7r ) on the stau mixing 
angle Of [in units of it] for the SPSla values of tan/3, M\ 2, fJ, and the lighter stau mass [without 
(red) and with (blue) ir transverse momentum cut]. The (red) dot on the solid line denotes the value 
of (m n7T ) at the SPSla point. The (red) dotted line represents the average values of (m wn ) if X\ 2 are 
unmixed pure bino-like and wino-like states, respectively. 
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4. ) Finally we study the dependence of the [tttt] distribution on the stau mixing angle Of , setting all 
other parameters to their SPSla values: 

fi = cos Of tl + sin Of tr (22) 

T2 = — sin Of tl + cos Of tr (23) 

The expectation value of the tttt mass distribution is given in terms of the tt\ vertices in Eqs. ([9]) and 
(HDD by 

32 

(m nw ) = — — (9uj 2 rujir + Quj2RUJi L + 6uj2L^ir + 4:^2L^il) (24) 
675 

\A T I 2 

= I a t n X 2\ A T i2 \j = 1,2; a = R,L] (25) 

\ A Rlj\ +\ A Llj\ 

The coefficients are products of the average rr invariant mass and the average momenta in the r — > ir 
fragmentations. The predictions for the [tttt] invariant-mass expectation value are shown in Fig.[4](b). 
The effect of a 15 GeV cut on the transverse momenta of the pions is included for comparison. The 
stau mixing angle of the SPSla point, Of ~ 0.4-7T, is indicated by the red dot in the figure, representing 
a state f\ with 90% tr and 10% fx components. The large sensitivity of the [tttt] invariant mass to the 
mixing angle can be traced back to the fact that the neutralino x 2 is nearly wino-like (N22 = —0.94). 
For Of = ±7r/2 the R state f\ = tr, couples to X2 onr y through its small higgsino and U(l) gaugino 
components (i.e. h T N23 = 0.04 and ./V21 = —0.11). However, once the mixing angle deviates slightly 
from ±7r/2 the "near" tau lepton T n coupling quickly becomes L-dominated, cf. Eqs. (j9]/ 110p . reducing 
10 rr and uirl drastically and increasing lolr significantly. [The sharp increase near the left edge is due to 
the constructive interference between the U(l) gaugino and higgsino contributions to the coupling ^4^ 12 -] 
The cut on the pion transverse momenta modifies the distribution, moderately for R chirality and 
strongly for L chirality. Nevertheless, for each chirality combination the shift is predicted completely 
in terms of the squark, Xi 2 an d f\ masses, and the shapes of the R/L fragmentation functions, so that 
it is under proper control. In particular, the relatively large increase of the average {m nn ) near Of = 
compared with ±7r/2 follows from the large effect of the transverse momentum cut due to the soft L 
fragmentation, cf. Fig.^b). 

5. ) In summary. The analysis of r polarization in cascade decays provides valuable information on 
chirality-type and mixing of supersymmetric particles. The most exciting effects are predicted for the 
invariant mass distributions in the tttt sector generated by the two polarized r decays. This is strikingly 
different from the lepton-lepton invariant mass distributions in the first two generations which do not 
depend on the R and L couplings. It is particularly important to notice that these polarization effects 
are independent of the couplings in the squark/quark sector and also of the polarization state of the 
parent x 2 generating the final ttxi state. 
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